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A key question that remains to be investigated to understand Purkinje-related drug-induced arrhythmias is the role played by specific ionic currents in the balance of currents during repolarization in Purkinje cells. For example, several investigators have shown that Purkinje cells readily generate early afterdepolarizations (EADs) in vitro under a variety of pharmacological interventions (e.g., ␤-adrenergic stimulation) (16, 30) . One of the proposed arrhythmogenic mechanisms is that druginduced EADs occurring in Purkinje cells propagate to ventricular tissue, resulting in the initiation of ectopic beats and reentrant arrhythmias (20) . Nevertheless, the cellular mechanisms of EAD generation and suppression in Purkinje cells are not well understood. Voltage-clamp experiments have provided a wealth of information on drug action on individual ionic currents in isolated rabbit Purkinje cells. However, these findings do not clearly reveal the role of ionic currents on the action potential (AP) repolarization and EAD formation, since these depend on the balance of currents. Often, AP recordings using pharmacological interventions are used to investigate the role of ionic currents in EAD formation. However, many drug effects are not selective. For example, isoproterenol, a well known agent to generate EADs in Purkinje fibers in vitro (35) , has been implicated in regulating the activity of a variety of ion channels, including Na ϩ (23) channels, delayed-rectifier (43) and inwardly rectifying (39) K ϩ channels as well as Ca 2ϩ channels (36) . It is therefore difficult, if not impossible, to determine which of these effects, if any, is predominant in generating drug-induced adverse effects such as EADs. Hence, despite the wide use of the Purkinje fiber assay as an in vitro pharmacological safety assessment method, one key issue that remains is the gap existing between the outcome of the in vitro assay (e.g., AP prolongation) and arrhythmic risk (e.g., Torsade de Pointes).
Computational models of cardiac electrophysiology have been developed over the past few decades with the aim of bridging this gap by gaining mechanistic insights on the arrhythmogenic process in the early stages of drug development (see Ref. 25) . For the rabbit alone, several mathematical models of ventricular cell AP have been developed (22, 28, 37) . Some of these have been included in ventricular geometries for the study of wave propagation and arrhythmia (4, 34) . Despite its importance in preclinical assessment of drug safety, no model of a rabbit Purkinje cell that is capable of reproduc-ing some of the most common drug-induced effects on Purkinje cells exists. The original model of Purkinje electrophysiology of DiFrancesco and Noble (11) does not have enough detail to capture the activity of some of the common modern drug targets. Similarly, more recent Purkinje models based on adjusting ventricular models (1) fail to capture some of the typical responses of Purkinje cells to drug action such as generation of EAD upon ␤-adrenergic stimulation.
In the present study, the existing knowledge on rabbit Purkinje cell electrophysiology obtained from voltage-clamp experiments was integrated to form a novel biophysically detailed AP model of a rabbit Purkinje cell. The model was tested by performing a sensitivity analysis and comparing simulation output with experimental data available in the literature for key electrophysiological properties and arrhythmic risk biomarkers such as AP shape and duration, resting potential, input resistance, and rate dependence. The rabbit Purkinje AP model was then used to investigate the specific role played by ionic currents in repolarization dynamics and EAD formation following pharmacological intervention. This reveals the important role of the L-type Ca 2ϩ current magnitude and kinetics. In additional work, a one-dimensional (1D) fiber model of a rabbit Purkinje fiber was constructed and used to investigate the role of electrotonic current flow through intercellular coupling in modulating EAD formation and propagation. The novel insights into Purkinje electrophysiology described in this study could explain, at least in part, the efficacy of current anti-arrhythmic therapies such as ␤-blockers in reducing arrhythmic risk and could also be key in the development of new anti-arrhythmia therapies targeting the L-type Ca 2ϩ current. The novel 1D fiber model of rabbit Purkinje electrophysiology is fully available to the international community and could be used for future studies of arrhythmia mechanisms, safety pharmacology, and anti-arrhythmic drug development.
METHODS
A mathematical model of a rabbit Purkinje AP was developed based on the knowledge of biophysical processes governing transmembrane ionic transport and intracellular calcium dynamics in rabbit Purkinje cells available in the literature. The model includes a mathematical description for 13 ionic currents {inward rectifier
current (iCab), funny current (if), and background Na ϩ current (iNab)}, 3 ionic exchangers and pumps [plasma membrane Ca 2ϩ ATPase current (ipmca), Na ϩ /K ϩ exchanger current (iNaK), and Na ϩ /Ca 2ϩ exchanger current (iNaCa)], and Ca 2ϩ dynamics specific to rabbit Purkinje myocytes (Fig. 1) . The choice for the mathematical structure of the overall model and each of the equations is justified in the Supplemental Material (Supplemental data for this article may be found on the American Journal of Physiology: Heart and Circulatory Physiology website.). When possible, the parameter values were obtained from direct measurements in patch-clamp experiments. Alternatively, parameter values were determined by minimizing the difference between simulated and experimental data using identical conditions in simulations and experiments. All equations and parameter values are described in detail in the Supplemental Material. The model is available for download at http://www.cellml.org. A sensitivity analysis was performed in the model for three main reasons: 1) to test the stability of the model when parameter values were deviated from control; 2) to further evaluate the model by comparing the simulation output with experimental data not used in the model development (29) ; and 3) to characterize the role played by individual current properties in key Purkinje cell electrophysiological properties. Maximal conductances and inactivation time constants were varied from their control value by Ϯ30% (29) . The impact of each of the model parameters was evaluated on six electrophysiological properties: APD 90, Triangulation (APD90 Ϫ APD70), RMP, peak voltage, maximal upstroke velocity, and slope of the dynamic restitution curve. When a given parameter p was varied by X%, the percentage change on a property x is given by:
and its sensitivity S
1D rabbit Purkinje fiber simulations. Propagation of electrical excitation through a 1D fiber of rabbit Purkinje cells was simulated using the monodomain equation:
where is the axial conductivity with a value of 2.87 mS/cm following estimates by Colatski and Tsien (7); A m is the membrane surface-to-volume ratio with a value of 2,500 cm Ϫ1 based on morphometric data by Eisenberg and Cohen (13) as suggested by Schafferhofer-Steltzer et al. (35) . C m is the tissue capacitance (1 F/cm 2 ), Istim is a stimulus current, and Iion contains the description of the ionic currents in the newly developed model presented here. Equation 3 was solved using the finite element method over a 1D geometry (1 cm long) with a spatial discretization step of 100 M and a time step of 5 s, which ensured convergence. A dedicated, open source finite element solver (Chaste) was used (see Ref.
3). 
RESULTS

Rabbit Purkinje AP and its dependence with extracellular K
ϩ concentration and stimulation rate. Figure 2 shows the predicted AP plotted together with some of the major contributing ionic currents. The resting potential is Ϫ88.7 mV, close to the experimental values reported (i.e., Ϫ88 to Ϫ85 mV). Both simulations using our model and previous experimental recordings (7, 9) show an almost flat resting phase (rate of depolarization 0.2 mV/ms) in rabbit Purkinje cells. The lack of pacemaker activity in rabbit Purkinje cells, unlike in other species like the sheep, has been consistently shown under physiological conditions in situ in the intact cardiac wall (19) , in isolated strands of Purkinje fibers (7), and also in isolated myocytes (9, 10, 16) . Simulations were also conducted to determine the dependence of the simulated AP on stimulation rate. Figure 3 , bottom, shows reverse-rate dependence of APD 90 exhibited for cycle lengths from 300 to 1,000 ms, as it is often observed experimentally in cardiac cells (40) .
To further validate the model, the passive electrical properties of the membrane at rest were also tested because of their importance in cellular excitability. The input resistance at rest was calculated as the ratio between the deflection in potential produced by injecting a small depolarizing current pulse (9) . Simulation results show that injecting a 40-pA depolarizing current pulse of 500-ms duration at rest results in a 6.3-mV deflection in transmembrane potential. This yields a value of 159.9 M⍀ for the input resistance of our model at rest, which is consistent with previous measurements performed in Purkinje cells (179 M⍀). Note that both values are significantly larger than the ones obtained for input resistance in isolated rabbit ventricular myocytes (86 M⍀) (9) . Next, the plateau resistance was examined. A depolarizing pulse of similar amplitude (55 pA) was applied near the end of the plateau. A voltage deflection of 31.3 mV was observed, yielding a value of plateau resistance of 569.1 M⍀. Importantly, this value exceeds its counterpart measured at hyperpolarized potentials (159.9 M⍀) by a factor of 3.6, giving an indication that the balance of competing currents that determine resting and plateau potentials is captured by the model in a correct fashion.
Ionic basis of rabbit Purkinje cell AP. As described in METHODS, a sensitivity analysis was performed in which the effect of Ϯ30% changes in key ionic current properties on electrophysiological properties of rabbit Purkinje cells was characterized. Results are shown in Fig. 4 . Intensity in the gray scale reflects normalized sensitivity S p,X (Eq. 2), i.e., the magnitude of change in a given property (first column) resulting from altering the parameter on the corresponding property (first row) (zero/black ϭ no effect, one/white ϭ maximal effect among all the parameters). S p,X is a normalized value over the maximum change in the property over all parameters.
The simulation results of the sensitivity analysis identified the ionic properties that determine the main electrophysiological properties of rabbit Purkinje cells. These findings, in combination with experimental data, allow in-depth model evaluation. The first row in Fig. 4 highlights the importance of Na ϩ (S ϭ 1.2 for the late conductance), K ϩ , and Ca 2ϩ currents in determining the rabbit Purkinje APD 90 , as previously re- Corresponding ionic currents are shown in the middle [transient outward current (ito) and fast Na ϩ current (iNaf)] and bottom [iK1, Na ϩ /K ϩ exchanger (iNaK), iKr, late Na ϩ current (iNaL), and late Ca 2ϩ current (iCaL)]. A stimulation frequency of 2 Hz was applied for 10 s. The fast sodium current, iNaf, has a peak of Ϫ9.02 nA, although in the middle, the trace is cut at Ϫ1.5 nA for the sake of a clearer comparison with other currents. The late sodium current, iNaL, had a peak amplitude of Ϫ110 pA (1.2% of the peak of iNaf). The time scale bar applies to all traces. ported experimentally (12, 18, 26) . The AP triangulation is strongly determined by the K ϩ conductances (i K1 and i Kr ) and Na ϩ /K ϩ exchanger conductance (G NaK ; Fig. 4 , second row), whereas RMP is mostly determined by both G NaK and inward rectifier K ϩ conductance (G K1 ; Fig. 4 , third row), in agreement with Sako et al. (31) , Hutter and Noble (17) , and Cordeiro et al. (9) , respectively. Peak amplitude, upstroke velocity, and dynamic restitution properties are strongly affected by changes in the fast Na ϩ current properties, G NaK , and also G K1 , consistent with experimental data by Colatski (6), Varro and Papp (42), and Wu et al. (44) , respectively.
Ionic basis of drug-induced repolarization abnormalities in the rabbit Purkinje cells.
The role of ionic current properties in the development of repolarization abnormalities in rabbit Purkinje cells was further investigated using this rabbit Purkinje cell model. The ionic current parameters with greatest influence on Purkinje electrophysiology [i.e., fast Na ϩ conductance (G Naf ), Naf , late Na ϩ conductance (G Nal ), Nal , rapid delayed rectifier K ϩ conductance (G Kr ), and late Ca 2ϩ conductance (G CaL )] were varied up to 400%, and changes in AP waveform and duration were monitored at a physiological frequency of 2 Hz. Figure 5 , A and B, shows that a 50% decrease in G Naf or Naf results in a significant decrease in AP amplitude and duration, whereas their increase up to 400% results in only slight AP alterations (Fig. 5, A and B) . In contrast, both positive and negative changes in the late Na ϩ current (i NaL ) properties have important effects on AP repolarization (APD 90 ) (Fig. 5, C and Fig. 4 . Normalized sensitivity of electrophysiological properties (first column) to Ϯ30% changes in ionic current properties (first row). Gx is the maximal conductance of channel x while Tx is the inactivation time constant of the current x. Sensitivity values are normalized to the highest value obtained for each property. The ϩ/Ϫ signs indicate that the corresponding parameter and property have a direct/inverse relationship, respectively. The highest absolute value of the sensitivity S (Eq. 2) is shown for each property. Fig. 5 . Rabbit Purkinje action potential (AP) traces following alterations in conductances and gate time constants of the ionic currents with the most influence on APD. AP traces obtained for fast Na ϩ conductance (GNaf) from Ϫ50 to ϩ200% of control (A); Naf from Ϫ50 to ϩ400% (B); late Na ϩ conductance (GNal) from Ϫ50 to ϩ200% of control (C); Nal from Ϫ50 to ϩ400% of control (D); rapid delayer rectifier K ϩ conductance (GKr) from ϩ50 to full block (E), and late Ca 2ϩ conductance (GCaL) from Ϫ50 to ϩ400% of control (F). A train of stimuli at 2 Hz was applied, and the 9th AP triggered is shown. Fig. 2 , bottom, where the importance of i NaL during AP repolarization is apparent. Decrease in both G Nal and Nal results in APD 90 shortening, whereas a corresponding increase results in APD 90 prolongation. The effects of increasing Nal , however, saturated for changes over 200%. Figure 5E shows that i Kr inhibition/ overexpression resulted in prolongation/shortening of APD 90 , respectively. No EADs were observed, even for total I Kr block, in agreement with experimental evidence on isolated Purkinje myocytes exposed to I Kr blocker MK-499 (9) .
D). This is in agreement with
Interestingly, the only intervention on a single ionic current that leads to EAD generation in our simulations was an increase of G CaL over 200% of its control value (Fig. 5F ). This is in spite of the fact that alterations in i CaL properties did not have a significant impact on the AP duration and morphology in rabbit Purkinje cells (Fig. 4) . We further explored the role of i CaL properties in EAD generation and propagation in rabbit Purkinje fibers. In particular, we evaluated the impact of different voltage-dependent inactivation kinetics ( CaL ) under different conditions of adrenergic stimulation (G CaL ) because of their suspected implications in EAD generation (18) . The two-dimensional (2D) grids shown in Fig. 6 were constructed by measuring the variation, with respect to control conditions, of the APD 90 value obtained after 10 s of simulation, 2 Hz frequency for varying G CaL and CaL values by up to 500 in 100% increments and by 50 -200 in 50% increments, respectively. The simulations were conducted using the isolated rabbit Purkinje cell model (Fig. 6, top) and in a 1D rabbit Purkinje fiber model (Fig. 6, bottom) to investigate the role of electrotonic flow due to intercellular coupling in EAD modulation. A 1-cm-long 1D fiber model was used. The cable was stimulated at one end, and AP was recorded at the center of the cable to avoid any artifact due to close proximity to the stimulation site (32) Figure 6 shows that, in rabbit Purkinje isolated cells, a large increase in G CaL generated repolarization abnormalities and EADs, whereas, in Purkinje fibers, only the concomitant increase in G CaL and decrease in CaL values results in abnormally long APD caused by the appearance of EADs. Both low G CaL and long CaL values result in inability of EAD generation. Figure 7 shows a possible mechanistic explanation for the role of G CaL and CaL in EAD generation in rabbit Purkinje cells. In control, the channel open probability (product of the open probability of all the gating variables) declines during depolarization because of voltage-and Ca 2ϩ -dependent inactivation. For large G CaL (i.e., 350% of control), the open probability of the L-type channel fails to return to zero during repolarization, resulting in further Ca 2ϩ entry and voltage depolarizations (Fig. 7C) . Interestingly, the increased amount of Ca 2ϩ entry (Fig. 7A, inset) would be expected to promote stronger Ca 2ϩ -dependent inactivation and subsequent repolarization, but this is not enough to counter the effects of voltage-dependent reactivation. Figure 7 , B and D, shows that a twofold increase in CaL results in faster voltagedependent inactivation and smooth repolarization even for large G CaL . Figure 6 , bottom, shows the importance of electrotonic current flow caused by intercellular coupling in suppressing EAD generation in rabbit Purkinje fibers. Indeed, the range of G CaL and CaL values that result in abnormalities in repolarization is significantly smaller in the fiber than in isolated cells. Thus, for G CaL and CaL values that result in EAD in isolated cells, no EAD are observed in tissue (see examples in Fig. 6,  right) . For example, for G CaL 400% of control and CaL 50% of control, large EAD are generated in isolated cell simulations but no EAD occur in the 1D fiber cells (Fig. 6, bottom right) .
DISCUSSION
In this study, we have constructed a novel model specific to rabbit Purkinje electrophysiology by integrating all experimental data available in the literature. The model was tested by performing a sensitivity analysis and comparing simulation results with experimental recordings in physiological conditions and under a variety of pharmacological interventions, including those key to the investigation of EAD mechanisms. This is the first model of rabbit Purkinje electrophysiology that is based specifically on rabbit data and that has been validated and tested using a sensitivity analysis. Some of the most recently published Purkinje models (1, 38) are based mainly on modifications of ventricular models. These apparently are not capable of reproducing EADs often observed in Purkinje preparations, even after large (up to 5 times) increases in L-type Ca 2ϩ conductance. One recent model of Purkinje electrophysiology (33) is primarily based on kinetic data from human ion channel isoforms.
The model presented here reproduces the low safety factor repolarization process of rabbit Purkinje cells. As a consequence, it allows insights into the effects of drug-induced changes in ionic current conductances as well as EAD generation and suppression.
Under physiological conditions, the AP morphology and duration of rabbit Purkinje cardiomyocytes, as well as rate dependence, are strongly determined by Na ϩ and K ϩ current properties, and specifically i NaL , i K1 , and i Kr . However, changes on those currents of even up to 400% do not lead to EAD generation in rabbit Purkinje cells (Fig. 5) . In contrast, our results reveal that alterations in L-type Ca 2ϩ current properties are essential for the generation of EADs in rabbit Purkinje cells (Fig. 5 ) even though their effect on rabbit Purkinje electrophysiology is small under physiological conditions.
Increased Ca 2ϩ influx caused by large G CaL is essential for EAD formation in both rabbit Purkinje isolated cardiomyocytes and fibers (Fig. 6 ). This finding explains experimental findings reporting EADs caused by ␤-adrenergic stimulation with 1 M isoproterenol in rabbit Purkinje myocytes (16) and also EAD suppression with verapamil in rabbit Purkinje fiber strands (30). January and Riddle (18) For ventricular myocytes, mathematical models have been used to elucidate the mechanisms of EAD generation and suppression. L-type Ca 2ϩ channels were predicted to be involved in EAD dynamics by several investigators. For example, Priebe and Beuckelmann (27) concluded that, in their model of a human ventricular myocyte, EAD are primarily carried by a Ca 2ϩ current. Similarly, Ca 2ϩ entry through L-type Ca 2ϩ channel was suggested to play a key role in EAD formation during hypoxia (14) in a guinea pig mathematical cell model. Nevertheless, important differences in the underlying mechanisms of EAD generation between ventricular and Purkinje myocytes seem to exist. For example, Clancy and Rudy (5) predicted EAD formation in the presence of a Na ϩ channel mutation leading to LQT syndrome without any L-type Ca 2ϩ channel alteration. The differences could be because of the different Ca 2ϩ dynamics in the two cell types: the regulatory action of Ca 2ϩ released from the sarcoplasmic reticulum in the presence (ventricles) or absence (Purkinje) of a T tubular structure could possibly explain why, in ventricular models, it is possible to generate EAD without direct interventions on L-type channels. According to our simulations, an increase in G CaL is necessary for EAD generation in Purkinje cells, while i CaL voltage-dependent inactivation dynamics act as a modulator. Therefore, fast inactivation dynamics (small CaL values) promote EAD formation in rabbit Purkinje cells, and slow voltage-dependent inactivation (large CaL ) can suppress them, even in the presence of large G CaL (Fig. 7) .
Because this model is intended to focus on the interactions between ionic currents, Ca 2ϩ dynamics, and transmembrane potential, we did not include any description of intracellular pathways or effects of interactions between cytoplasm and the nucleus as well as between cytoplasm and mitochondria. It is recognized that such interactions could have nonnegligible effects on the electrophysiology of the cell on certain circumstances. An extended version of this model with more detailed descriptions of intracellular processes might be useful for addressing specific questions regarding the relationship between the AP and such intracellular processes.
The mechanisms of EAD formation are similar in rabbit Purkinje isolated cells and fibers. However, intercellular coupling is a strong modulator because of electrotonic flow of current. The parameter space comprising pairs of G CaL and CaL values resulting in EADs is reduced in rabbit Purkinje fibers compared with isolated cells (Fig. 6 ). This finding is in good agreement with previous studies by Huelsing et al. (16) reporting suppression of isoproterenol-induced EAD in isolated rabbit Purkinje myocytes coupled to an electrical resistance. In fact, our results show that an increase in only G CaL can result in EADs in rabbit isolated cells, whereas a simultaneous increase in G CaL and decrease in CaL is required for EAD generation in rabbit Purkinje fibers (Fig. 6, bottom) .
Recent studies have suggested that the efficacy of ␤-blockers as an anti-arrhythmic agent can be explained by EAD suppression in ventricular myocytes. Our findings suggest that their efficacy could also be related to reduction of Ca 2ϩ entry and EAD likelihood in Purkinje electrophysiology. Our study has focused on rabbit Purkinje electrophysiology due to the availability of experimental data (as well as the lack of human data) and the known similarity of rabbit and human electrophysiology. Although extrapolation of our findings to humans needs to be made with caution, our study suggests that pharmacological interventions that decrease Ca 2ϩ influx (by reducing Ca 2ϩ channel conductance or suppressing adrenergic stimulation) or that slow down i CaL inactivation dynamics could be effective in preventing the appearance of proarrhythmic repolarization abnormalities and arrhythmias originating in Purkinje cells.
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